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ABSTRACT: 


Temperatures are calculated for ina! pushing design, and 


modifications to lower the temperatures ace proposed, The basis of 


the recommendations is the experience on the Cutler bushings and a 


Pittsfield test with a high current, The calculation method is described, 


and references to sources are given, 


CONCLUSIONS: 


Putting 2540 amperes Auch a bushing of the original design 


‘causes the current-carrying tube to run much too hot, with subsequent 


damage to the nitrile rubber O-rings, ,and loss. of the SE e: It is possible 


to so treat the surface of copper or aluminum that the emissivity is 


increased substantially, with,consequent good heat transfer to the porcelain 


and reduction in tube temperature, There is a chance that the difficulty of 


shipping the tube will mar the postulated surface, and the temperature will 


rise again beyond acceptable limits. 


lt. SYMBOLS 


& 


A. = area in which skin effect is generated, Sq,. in, 
A. = surface area from which heat is dissipated, sq. in, 
D = duct diameter, in inches for heat generation, in feet for air cooling. 
| f.. = frequency 
. = coefficient of friction 
a bh. = heat-transfer coefficient for convection, watts/(sq. in, ) deg, C, 
? h = heat-transfer coefficient for radiation, watts/(sq, in. ) deg.2 ©: 
i. current, amperes - 


L = length of heat flow path, inches 
i = length of air flow path,. feet 


p = pressure drop, inches of water 


fo = eat dissipated, watts 


| 


t = temperature, Che ® 
Ve = velocity, fphor fps '° 


Greek - | 


6 depth of skin effect, inches 


1 


~ 


difference (in temperature) des, CG 

€ = emissivity of Snerace aida cna 
Oe Dias rical CESIStLVIty, Oli = cona, | 4 
3 be Gensity, 1b. /(cu, ft. ) 


1,2, 3) 4 apply to area under consideration, 


IV, INTRODUCTION 


The problem of calculating the temperatures of components of the 
VLF bushing proposed for the South Pacific presents several challenging 
features, The first problem is what happens when the current is raised 
from 750 eoperes to 2940 amperes, Obviously the temperatures will 
Beriioner anc in the high ambient now specified, 120 F (= 49 C) what 

will be the effect on the design? There seem to be two critical factors, 
| one the effect s higher temperatures on the sealing effectiveness of the 
7O-cings, and the other the effect of differential expansion, 

In using an electrical-conductor grade aluminum for heat generation 
reasons, instead of the present structural aluminum, the allowable stresses 
will have to be reduced, Present plans are to reduce the clamping force, 

It is now stated (as of May 28, 1962) that the Helix House will be 
pressurized at 1/2 inch of water so there will be a head available to drive 


cooling air through the tube. 


-‘V, THE METHOD 
| The enclosed reprint of an AIEFE paper of mine, ''Basic Heat- 
Transfer Data in Electron Tube @pe tion’ Shows a simple thermal 
| circuit, It also gives curves for radiation, ftee convection, and 
forced convection, as well as the equation for pressure drop, 
Because of the mixture of heat transfer, fluid flow, and 
electricity in this problem, I have used subscripts on some of the 
standard symbols, The meaning of ''f'' in electricity is frequency, and 
in fluid. flow is friction factor, The meaning of ''p'' in electricity is 
resistivity, and in heat transfer is density. 
The sequence of operations is as follows: 
Y, Calculate the heat to be dissipated, from the relation 
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ce ioe Gerac 2 Da Vetve 
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2 O04 X27. 3 f 


and the electrical resistivity for pure aluminum is 


Das = 2,828 x ten” } + 0, 0039 (t - 20° c) | , ohm-cm 


feormpure Copper, it is 
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4} 


pee 121 x io | 1 + 0, 00393 (t - 20° oy , ohm-cm, 
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_ is necessary to estimate the temperature rise, and to recalculate 
if it is seriously in error, Soke 

2, Heat dissipation 

| Tie watts calculated in (1) are dissipated by radiation and convection 
from the several surfaces, according to the relation 
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A 
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(h +h) At 
1g Ce 


-5- 


The radiation coefficient h is plotted in Figure 2 of my paper, 
for an emissivity of 0, 9, 
Emissivity of the tube is the property that is critical in this 
| application, The higher the emissivity, the better the ability to 
radiate, ‘Slightly oxidized alumanaa has an emissivity of 0,10, and 
strongly anodized 0,87 (Ref. 1), = Parnished copper has an emissivity 
of 0,5 (Ref, 2), Thus, radiation is 8, 7 times as effective with 
anodized aluminum, ae ie 8 fines with*copper, 

- The free-convection coefficient b. for air is plotted in ee 3 
Or my paper, This coefficient is Ne for the outer surface of the porcelain 
| only, since forced convection is used inside the tube, No account has 
.been taken of free convection effects in the pF, area, because of the 
‘difficulty in interpreting the flow pattern, Due to the interruption at 
the flange, ae circulation will be intwo zones, with the gas flowing up 
along the tube and down along the porcelain, As radiation is the dominant 
mode of heat transfer, the contribution by the SE, may be neglected, Ifa 
detailed analysis is needed, it may be made by consulting McAdams'! 
"Heat Transmission, iu rd edition, Dp. 181, “Vertical, Enclosed Air Spaces, ' 
The equations oaeeln the thermal properties, which may be obtained from 


the manufacturer, | a 


OR et nent mae 


et 


eae Cree ae 


Ivererence |, Trans, Am. Soc. Hits, and. Ventitatine Ene, Vol, 45. 
| 1939, pp, 179-194, 


4, Temperature, Its Measurement and Control, p, 1182, 


To use the foregoing relation, it is of advantage to construct a thermal 
circuit, This circuit can be vastly complicated to take into account 
everything that is happening in all parts of the bushing, but a simplified 
circuit that gives the principal temperatures is as follows: 


Oe ee : ventilating air 
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4, 
inner porcelain ? 
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outer porcelain 


This circuit is for radial flow only, but axial flow may be added by 
changing the temperature of the internal cooling air and using the 
same circuit, te, 
The part of the circuit that extends from the inner porcelain to the 
ambient air may be replaced with very little error by a drop of 10 C, 
Both my calculations and the results inferred from the Pittsfield tests 
bear out this conclusion, : 
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-\ VI, SAMPLE CALCULATION FOR COPPER BUSHING 


| i 
I= 2540 amperes 


bs 15000 cycles/sec. , 


assumed Sores? temperature = 104 C 


bushing oo 36 in, 

Tube ID 9,75 in; OD 10, Ao Uns 
‘Av, ‘D of inner eae, = 22 in, 
AV, iileineas of porcelain Se eorLi, 


Conductivity of porcelain = 20862 w/sq. in) dea? © / im: 
Z bie - » 
| 5 ib 
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“VI, RESULTS OF CALCULATION 


The sample ealcwiation of Section VI indicates a copper temperature 
of 102,5 C, without forced air cooling. The emissivity used for copper, 
= inside porcelain, and outer porcelain was 0.9. In order to reach the 
high emissivity for the copper, it must be black oxidized, Such surface 
treatment will be unacceptable in the region of electrical connections, 
because of the high electrical resistance, | 

Horced Eonvection will drop the temperature to 10(C," Yo: calcalare 
this part of the thermal Secs, Picure 2 and the pressure drop equation 
of my paper are used, A flow of 396 cfm will result in a pressure drop in 
fie tube of 10% of the 1/2 inch of water assumed, Inlet and exit losses will 
be Substantial, bur tlie flow may still need to be throttled in order not to 
age air, | | 
' Using half the bushing outside diameter for the tapered parts of the 
bushing results in 1,5 C additional rise. 

Recalculating for a frequency of 30, 000 cycles results in 28 C additional 


rise, 
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@UCCESSFUL operation of an electron 
tw tube depends on its heat dissipating 
characteristics as well as on its electronic 
characteristics. The tube energy is not 
all useful, unfortunately, and the part of 
the total energy that appears as heat 
must be transferred to the environment. 
Heat is generated at several sources; the 
primary sources are at the liottest tetti- 


peratures, while various striictural com- 


ponents assiiie temperatures inter- 
mediate between source temperatures 
and ambient. All the teiiperatures are of 
interest £0 the tube designer, beéause of 
his knowledge of the efieét of temperature 
on the materials With which he works as 
well a8 Of electron emission. 

This paper is primarily concerned with 
operation of the tube in a known en- 


vironment, although the topics covered | 


also are of importance in tube design. 
Evaluation of thermal resistance is the 
principal topic. The equations ard 
formulas to be presented are available in 
the literature, which will be cited, bit riot 
always in a form convenient for use in 
electrical problems. 

It i8 possible to estimate the tempera- 
ture at any location in a tube due to the 
losses it generates, by means of the well- 
known device of a thermal circuit. James 
Clerk Maxwell! was the first to point out 
the analogy between conducticn of elec- 
tricity and conduction of heat. He 
wrote, in part, 


‘The analogy between the theory of the 
conduction of electricity and that of the 
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conduction of heat is at first sight almost 
complete. If we take two systems geo- 
metrically similar, and such that the con- 
ductivity for heat at any part of the first is 
proportional to the conductivity for elec- 
tricity at the corresponding part of the 
second, and if we also make the tempera- 
ttre at any part of the first proportional to 
the electrical potential at the corresponding 
point of the second, then the flow of heat 
aé@toss any area of tlie first will be propor- 
tional to the flow of electricity across the 
corresponding area of the second.... Flow 
of electricity corresponds to flow of heat, 
the electric potential to temperature, and 
electricity tends to flow from places of high 
to places of low potential, exactly as heat 
tends to flow from places of high to places 
of low temperature.” 


The thermal circuit is thus analogous to 
an electric circuit, with current replaced 
by heat flow rate, voltage replaced by 
temperature difference, and resistance re- 
placed by thermal resistance. It is no 
longer considered necessary to have 
geometrical similarity, and the procedure 
may be extended to the case of transient 
heat flow, by replacing electric capacity 
with thermal capacity. 

The natural mode of heat dissipation 
from the surface is by free convection and 
radiation; at room temperature the 
magnitude of these two effects is about the 
same. When the tube runs too hot, re- 
course must be had to forced convection, 
in which a cooling fluid, usually air or 
water, is forced over the surface by 
mechanical means. In some special ap- 
plications the tube is required to operate 
in a fixed temperature range, so that 
sometimes it is cooled and sometimes it is 
heated. 


Thermal Circuit for Steady State 


The complete thermal circuit for heat 
dissipation from a tube consists of a net- 
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work which is evaluated in the ordinary 
manner by means of Kirchhoff’s laws or 
similar theorems. However, any element 
may be evaluated separately if heat flows 
or temperatures up to the point of con- 
sideration are known. 

The first circuit to be illustrated gives 
the temperature of a tube envelope, 
cooled by radiation and free convection, 
when the heat generation and the ambient 
temperature are known, see Figure 1. 

The equation of this circuit gives the 
temperature rise of the surface above 
ambient air as: 


qd : 
SAU hy) e 
which is directly analogous to E=JR. 

When temperatures f are expressed in 
degrees centigrade, heat flow g in watts, 
and area A in square inches, the units of 
the surface heat-transfer coefficients, /, 
for convection and h, for radiation, are 
watts, square inches, degrees centigrade. 
It is to be noted that the coefficients are of 
the nature of conductances, so that where 
resistances are more convenient, the re- 
ciprocals of the heat transfer coefficients 
are to be used. 

The heat generated in the tube must be 
known; the losses are the space charge 
(anode) loss, the filament power and the 
grid loss. Any other expected losses 
should be included. 

To solve the circuit of Figure 1, a cer- 
tain amount of cut-and-try is required, 
because the heat-transfer coefficients are 
functions of the temperature. This 
situation is analogous to solving an elec- 
tric circuit in which the resistances are 
functions of the voltage. However, three 
tries should be enough. 


Figure 1. Thermal circuit for tube envelope 
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SURFACE HEAT TRANSFER COEFFICIENT, hy 


15 20 


Soo 10 


TEMPERATURE DIFFERENCE (At) BETWEEN SURFACE AND 
SURROUNDING WALLS, deg C. 


Figure 2. Surface heat-transfer coefficient for radiation, with emissivity 0.9 


Radiation 


The stirface heat-transfer coefficient 
for radiation h, is a way of expressing the 
Stefan-Boltzmann law for the radiation 
between two bodies at different tempera- 
tures. The radiation coefficient given 
here is a useful tool, rather than a physical 
constant like the h,, which can be 
measured. Heat transferred by radiation 
is proportional to the fourth power of the 
temperature; the net radiation between 
two surfaces, one of which is relatively 
small and surrounded by the other at a 
different temperature is given by the ex- 
pression, with units in watts, inches, and 
degrees centigrade 
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| DIMENSIONS 
HORIZONTAL OR VERTICAL CYLINDER AND HEIGHT 
OF VERTICAL PLATE — OTHER DIMENSION '!S 


¢,=emissivity of surface of small body, 
dimensionless 

T,, T2=absolute temperatures of the two 
surfaces, degrees Kelvin =273 + de- 
grees centigrade 


In order to get this expression into the 
form most convenient for natural convec- 
tion cooling, namely 


g= (let hr) A At 


the radiation coefficient h, is defined as 
g,/AAt. This is the function plotted in 
Figure 2. For convenience in the use of 
this function, it is plotted for e=0.9, a 
value which is a fair average for glass, for 
painted surfaces, and for well-oxidized 
metals. For cases where the surface 
emissivity is known accurately, the heat- 
transfer coefficient is adjusted by mul- 
tiplying by the ratio of the known emis- 
sivity to 0.9. 


SOLID LINES ARE FOR CYLINDERS 
HORIZONTAL OR VERTICAL, AND 


INDICATE DIAMETER OF 


300 400 500 


60 80 100 200 
TEMPERATURE DIFFERENCE ( AT) BETWEEN SURFACE AND AMBIENT AIR, deg © 


Figure 3. Surface heat-transfer coefficient for free convection in air, cylinders and flat plates 
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FIN EFFECTIVENESS FACTOR 


Free Convection 


The free convection coefficient for air is 
plotted in Figure 3. The basic equations, 
which are to be found in McAdams,? are 
plotted here in electrical units. 

The free convection curves are drawn 
for air at atmospheric pressure with 
average temperature of surface and am- 
bient 65 degrees centigrade. To correct 
for other pressures, as in high-altitude 
operation, the coefficients must be mul- 
tiplied by the square root of the ratio of 
the operating pressure to standard atmos- 
phere. To correct for other tempera- 
tures, a nearly linear factor is applied, 
1.06 for arithmetic mean temperature of 
surface and ambient equal to zero degrees 
centigrade, and 0.95 for arithmetic mean 
of 150 degrees centigrade. 

For other fluids, no simple general and 
precise relation will suffice, because of the 
wide variation of properties among fluids, 
and also the variation with temperature 
of the properties of any one fluid. How- 
ever, useful correlations are available in 
the book by W. H. McAdams,” page 243 
and page 248. An indication of the order 
of magnitude to be expected is shown by 
Figure 14, which gives values for water in 
ducts. 


Fins 


If calculations on the basis of Figures 2 


and 3 indicate that the tube wall will run 


only a little too hot, some expedients may 
be tried before forced cooling is resorted 
to. One possibility is the use of fins, or 
other extended surfaces, where the tube 
configuration will allow their construc- 
tion. 


m= tanh ab 
Ab 


Figure 4. Effectiveness of fins on flat sur- 
faces 
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THE CURVES GIVEN ON THIS SHEET HOLD FOR 


THE FOLLOWING CONDITIONS OF (L/D) AND 
TEMPERATURE: 


a.(L/D) = 50 
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AIR TEMPERATURES = 20C 
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The additional heat dissipated by fins is 
given by the relation: 


g=hAn(tw—ta) (2) 


where 7, the fin effectiveness for fins of 
uniform section, is given by Harper and 


Brown? as: 


tanh ab 
n — 
ab 


(3) 


a=W. (5) 


In this case 


h=surface heat transfer coefficient 
k=thermal conductivity of fin material 
6 =fin thickness 

A;=fin surface area 

Ay=fin cross-section area 
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|. LAMINAR FLOW (REGION TO LEFT OF CUSPS) 


2. TURBULENT FLOW (REGION TO RIGHT OF CUSPS) 
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Figure 4 gives the numerical value of 
effectiveness for fins of uniform cross- 
section. It also gives values for tapered 
fins, where the fin thickness in the above 
expression for a is the average of base and 
tip thickness. Effectiveness for a variety 
of other configurations is given by 
Gardner.‘ 

Several factors must be considered in 
the use of fins. In the first place, the fin 
characteristic known as ‘‘fin effectiveness”’ 
must be high, because this is the quantity 
that determines how closely the fin sur- 
face temperature approaches the fin base 
temperature. Also, the radiation part 
h, of the heat-transfer coefficient applies 
only to the envelope of the heat-dis- 
sipating area. The usual values of free 
convection coefficient h, are valid only if 
the spacing between fins is great enough 
for free convection to take place ef- 
fectively. A rule-of-thumb states that 
free convection tends to be seriously sup- 
pressed with spacings less than a quarter 
of aninch. Recent data® give the actual 


b=fin height thickness of the boundary layer as a 
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flow of air in flat 
ducts 
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aaa Figure 5. Forced- 

Ee O22 convection co- 

CEE efficient for air in 
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function of the length of a vertical fin; 
the example of the reference states that 
for a wall at 93 degrees centigrade in a 20 
degree centigrade ambient, 8 inches from 
the base the thickness is 0.545 inch. In 
order for the two adjacent boundary 
layers not to interfere at all, the spacing 
for fins this height should exceed 1.09 
inch. However, somewhat closer spacing 
is allowable as the temperatures and 
velocities are dying away rapidly before 
this value is reached. 


Chimneys 


Another possibility of increasing the 
natural convection lies in the use of a 
shield to introduce a chimney effect. 
Some tubes are shielded for electronic 
reasons; the efficacy of the shielding will 
not be impaired by coating the shield with 
material of high emissivity, and the heat 
dissipation will be increased. Moreover, 
the air space between tube and shield is 
normally small, so that convection does 
not take place; opening up the gap to 
permit air flow will result in further cool- 
ing. The same possibility is present in 
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AVERAGE OF INLET & OUTLET TEMPER 
ATURES, deg C 


the case of tubes not usually shielded. 
Here the spacing is extremely important, 
as the area for air flow must be large 
enough so that the head produced by the 
difference in density is not all used up in 
overcoming friction, and small enough for 
the increased air velocity to be effective in 
increasing heat dissipation. 

To evaluate the temperature dis- 
tribution in a tube enclosed by a shield, 
refer to Figure 1. An air resistance 
6/RA is to be inserted ahead of fs. This 
- resistance is normally high, because free 
convection is absent, and the conduc- 
tivity of still air is very low. Also, for an 
unpainted metal shield, the /; is small. 
If the air space is opened up enough for 
5/kA to- be replaced by an additional 
1/,, and if the shield surface is painted so 
that h, increases approximately 5-fold, the 
temperature rise of the tube will be 
lower, or for the same tube temperature 
the losses can be higher. 


Forced Convection 


The values of forced convection heat- 
transfer coefficients depend on the char- 
acter of the flow, whether laminar, tur- 
bulent, or in the transition region between 
these two well-defined types. The basic 
work on character of flow was done by 
Osborne Reynolds,’ and the Reynolds 
number which bears his name gives the 
criterion for flow. He studied the effect 
of varying water velocity in a straight 


glass tube, introducing ink at the center, © 
and photographing the flow pattern. 


For low velocities the ink proceeded down 
the tube in a straight line; for high 
velocities it immediately colored the 
whole fluid; while for intermediate 
velocities it produced a wavering pattern. 
He was able to establish the velocity at 
which laminar flow ended, and the 
velocity at which turbulent flow was 
fully established. The Reynolds number, 
which is dimensionless, has been a basic 
parameter in evaluating forced-convec- 


Figure 8 (left). Average-tempera- 
ture correction factor for flow of air in 
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Figure 9 (right). Free-convection — z 
correction factor for laminar flow i 
of air in ducts y= 


ducts 
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usually assumed to be present when the 
Reynolds number is below 2, 100; numbers 
from 2,100 to 8,000 include the transition 
region, where the mechanism of heat 
transfer is uncertain; for numbers above 
8,000 the flow is assumed to be turbulent. 
In the case of flow over planes the 
critical Reynolds number is much higher, 
and for flow outside tubes there is no well- 
defined critical. 

Three other dimensionless parameters, 
made up of thermal properties of the 
fluid, the velocity, and the characteristic 
dimension, have been found useful in ex- 
pressing the heat-transfer coefficients. 
These parameters together with the 
Reynolds number are defined as follows: 


Reynolds number: pVD/p 
Stanton number: /h /cpV 
Prandtl number: cu/k 


h fs 
Heat-transfer factor: +(# 
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THE CURVES GIVEN ON THIS SHEET HOLD FOR 
THE FOLLOWING CONDITIONS OF (L/D) AND 
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Where, for convenience in using tables of 
properties, the dimensions are in pounds, 
feet, Btu, hours, degrees Fahrenheit, so 
that 


D=characteristic dimension, diameter of 
round ducts, four times the cross- 
section divided by the perimeter for 
flats ducts, the difference between 
outer and inner diameter for annuli 
and the length along a plane, feet 

V =velocity, feet per hour 

c=specific heat, Btu per pound-degree 
Fahrenheit, which is numerically 
equal to calories per gram-degree 
centigrade 

k=thermal conductivity, Btu per hour- 
square foot per degree Fahrenheit 
per foot 

p=density, pounds per cubic foot 

u=viscosity, pounds per hour-foot =2.42 
times centipoises 

h=heat transfer coefficient, Btu per hour- 
square foot-degree Fahrenheit 


General correlations of heat-transfer 
coefficients are available in the litera- 
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Figure 10. Forced-convection coefficient for water in smooth straight ducts 


tion coefficients ever since. 
For flow inside ducts laminar flow is 
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2.20 10,000= PVD | 
1,00 


h CORRECTED FOR (L/0) 
h FROM FIGURE 10 


ture’! for gases and for liquids of low 
viscosity. These correlations make use of 
the foregoing parameters. The most 
useful correlation so far proposed is the 
one due to Colburn,!! which defines the 


‘heat-transfer factor j as: 


This factor provides a useful means for 
correlating heat-transfer data on sur- 
faces of different shapes; numerically, for 
many common shapes, it is approximately 
equal (within +20 per cent) to the half- 
friction factor f/2, where f is the friction 
factor in the Fanning equation — in hy- 
draulics. 

For gases in turbulent flow, there are 
three values of 7 in terms of Reynolds 
number R which have been determined 
by experiment to be as follows: 


Flow in ducts, gircular, flat, or annular: 
e O.021 
Ham Ro? 
. 0.0346 
Flow over planes: j7= p02 


. ako 
Flow over banks of tubes: 7 = 20.4 


For liquids of low viscosity in ducts, in 
the laminar flow region (R<2,100) there 
are two values of 7. Both are to be 
evaluated, and the higher one used: 


Figure 12 (below). 
| of water in flat ducts 
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correction factor for lami- 
nar flow of water in round 
ducts 


1.615 
(E/Dy AR 


where L/D is the ratio of length to di- 
ameter 


3.66 


In the turbulent region 


_ 0.025 
I=" p02 

For liquids of high viscosity, and for 
liquid metals, different relations for 7 
exist. These relations are beyond the 
scope of this paper. 

From the equation for J, 


jcpV 
(cu/k)?/* 


When /f is expressed in watts per 
square inch-degrees centigrade, the di- 
mensions of the right-hand number must 
come out in the same units, and this is 
most easily done by lumping all the con- 
version factors into a single constant, as 
follows: 


h= 


cpoV 
00366525257 
eG wu 
where the units are tabulated in an earlier 


paragraph of this section. 
It is to be expected that a general re- 


h CORRECTED FOR AVERAGE TEMPERATURE 


nh FROM FIGURE 10 


Figure 11 (left), L/D 


lationship applying to all fluids will be 
subject to error, and as a matter of fact 
heat-transfer coefficients determined from 
the general equations may be in error by 
+30 per cent. However, being in error 
by +30 per cent is better than being in 
error by 2-to-1 or 10-to-1. 


Forced Convection for Air and Water 
in Ducts 


Since fluid properties are well known 
for air and water, it is possible to plot 
forced-convection heat-transfer coeffi- 
cients as watts per square inch-degrees 
centigrade, against weight velocity of the 
fluid. Figure 5 gives the heat-transfer 
coefficient for air in smooth straight 
ducts for the conditions specified on the 
figure, and is to be used with log-mean 
temperature difference. Figures 6, 7, and 
8 give the correction factors to be applied 
when the operating conditions differ from 
those specified in the figure, while Figure 
9 gives the free-convection correction 
factor. 

Figure 10 gives the heat-transfer 
coefficient for water in smooth straight 
ducts. Figures 11, 12, and 13 give cor- 
rection factors to be applied as in the case 
of air, except that the average of inlet and 
outlet water temperatures is 20 degrees 
centigrade. Figure 14 gives the curve for 
free-convection. In case of doubt as to 
which curve applies, determine /# from 
both and use the higher. 


Pressure Drop in Forced Convection 


The relation between the half-friction 
factor f/2 and the heat transfer factor has 
already been discussed. Pressure drop 
in a pipe is given by the relation: 


Ape =4f- ee 


where 


p=pressure drop, pound per square foot 
f=Fanning friction factor, dimensionless 


Figure 13. Average-temperature correction 


factor for flow of water in ducts 


AVERAGE OF INLET & OUTLET WATER TEMPERATURES, | 


deg G’ 
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SURFACE HEAT-TRANSFER COEFFICIENT h 
WATTS eh 
(SQ. IN)(deg C) 


! ce 3. 4: 5,6 7:8:910 


4 
TEMPERATURE DIFFERENCE, (At), deg © 


L/D=\ength to diameter ratio, dimension- 
less 

p=density, pound per cubic foot 

VV" =velocity, feet per second 

g=382.2 feet per second per second 


For turbulent flow the friction factor is 
very nearly constant, which means that 
for a given configuration the pressure 
drop varies asthe square of the velocity. 
Since the heat-transfer coefficient varies 
as the 0.8 power of the velocity, it 1s 
obvious that high heat transfer can only 
be obtained at the expense of pressure 
drop. In deciding what velocities to use, 
the balance must be economic, that is, the 
size of blower or pump must be balanced 
against the gain in heat transfer. 


Enclosure Ventilation 


In many cases the tube with associated 
equipment is enclosed in a container. 
The question then arises as to how much 
hotter the tube will run. If the container 
is tightly closed, and dissipating heat by 
radiation and free convection, the tem- 
perature rise may be estimated from 
Figures 2 and 3. The thermal circuit is 
shown in Figure 15, where subscript 7 
refers to tube, zw to inner wall, w to outer 
wall and a to ambient. 

The heat from all the sources must be 
dissipated through the walls of the en- 


Table |. Surface Heat-Transfer Coefficient h 


Multiply By To Get 


Btu/(hr)(sa ft) —_—g._ ggg66 
deg F e 
Watts | 6.45 


—_—________—__-..... Watts er square 
(sq em) (deg C) Spey 


inch per degree 


Cal/(sec)(sacm) 97 9 centigrade 
deg C : 

Kg cal/(sa m) (hr) © 9 990750 
deg C 
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closure. The first step is to evaluate the 
wall temperature, which is done as be- 
fore, by cut-and-try. The surface tem- 
perature is independent of the sources 
within the enclosure, except perhaps for 
local heating due to close proximity of one 
of the sources. When the surface tem- 
perature has been evaluated, the tube 
temperature and the box air temperature 
may be calculated. Radiation goes 
directly from the tube to the wall, while 
convection heats the air and must, there- 
fore, be evaluated for both surfaces. 

This calculation will give the maximum 
tube temperature. Opening up the box 
by louvers or holes at top and bottom 
edges will produce.a chimney effect which 
will lessen the temperatures. The 
chimney effect is a function of the height 
of the opening above the heat source, and 
is, therefore, less effective if holes are 
punched throughout the walls. < 


Conversion Factors 


Data on heat-transfer coefficients and 
on fluid properties are to be found in 
many sources, expressed in a variety of 
units. Table I gives the principal con- 
version factors used for heat transfer co- 
efficients. 

The numerical value of any dimension- 
less number is independent of the units 
employed, as long as the units are self- 
consistent. Table II gives examples of 
self-consistent units. 


Table Il. 


Btu/(hr) (sq ft) Btu/(hr)(sq ft) Btu/Ib 
deg F Eadiaev deg F/ft deg F 
Cal/(sec) (sq cm) cal/(sec) (sq cm) cal/gm 
Gee Cee os deg C/em)-4=" "= deg C 
Watts/(sq in.) watts/(sq in.) watt-sec 
ie Ea Sea Ke AEG a FSi teee ae Ib/deg C’ 


Free-convection heat-trans- 


Figure 14 (left). 


fer coefficient for water in ducts 


Figure 15 (above). Thermal circuit for tube 
in enclosure 


The most troublesome unit is viscosity. 
If its value is given in centipoises, mul- 
tiply it by 2.42 to get pounds per hour- 
foot. If it is given in centistokes, it is a 
kinematic viscosity, and must be mul- 
tiplied by the specific gravity to get 
centipoises. If it is given in pounds force- 
second per square foot, multiply it by 
116,000 to get pounds per hour-foot. 


Appendix |. The 892-R Triode 


as an Example 


Figure 16 shows the construction of the 
&§92-R triode. Looked at as a heat-dissi- 
pating device rather than as an electron. 
producing device, the principal source of 
heat is the anode, with some filament loss, 
Although the plate dissipation rating is 4 kw- 
a test was run under the following condi- 
tions: plate dissipation 5 kw and filament 
1.32 kw, making a total of 6,320 watts to be 
dissipated by the finned radiator. For this 
condition, the test air flow was 450 cubic 
feet per minute. The problem is to deter- 


- mine the temperature which would be read 


by a thermocouple embedded in the radia- 
tor, with inlet air at 27 degrees centigrade. 

There are 48 copper fins, 9 inches long, 
average height 2.44 inches, thickness 
0.072 inch, on a core 2.625 inches outside 
diameter. These dimensions determine the 
fin spacing to be 0.100 inch at the base and 
0.418 inch at the tip. 

The quantities to be evaluated are as 
follows: 


Air temperature rise. 

Equivalent diameter of cooling ducts. 
Surface heat-transfer coefficient. 
Fin effectiveness. 

Temperature rise at fin base. 
Pressure drop. 
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To find the air temperature rise At, the 
steady state input is divided by the product 
of weight and specific heat of the air. The 
weight flowin pounds per second is !/¢ of 
the flow in cubic feet per minute times the 


density, where standard air density is 0.075 . 


pounds per cubic foot. The specific heat 
of air is 0.24 calorie per gram per degree 
centigrade; to get it in watt seconds per 
pound per degree centigrade, multiply by 
1,899, obtaining 455. The temperature rise 
is then given by 


| 6,320 X60 
ee ic 
cw 455X450 X0.075 


The area for flow is 
2.44(0.100-+0.418) /2 =0.631 square inch 
Equivalent diameter is 
4X 0.631/(4.88-+ 0.518) =0.467 inch 
Flow velocity V is 


45014460 
fs Sen = 128,500 feet per hour 
48 X 0.631 


Weight velocity pV is 


0.075 X 128,500 =9,650 pounds per hour per 
square feet 


The heat-transfer coefficient is found from 
Figure 5, using equivalent diameter 0.467 


Figure 16. Triode used 
in heat transfer and pres- 
sure drop calculations 


inch and weight velocity 9,650, to be 0.0360 
watt per square inch per degree centigrade. 

Fin effectiveness is evaluated from equa- 
tions 8 and 5, using k of copper as 9.75 
watts per square inch-degrees centigrade 
per inch. 


STE es 9.75X0.072. 


From Figure 4, read fin effectiveness 7 as 
0.84. 

The temperature rise at the fin base now 
is determined from equation 2, with the 
finned area having an effectiveness of 0.84, 
and the unfinned area 1.0. 


At = 
6,320 


0.0360 [0.84(48X 22.44 9.0) + 
1.0(2.625r —48X0.072)9.0] 


=96.9 C 


The hot spot temperature is then 96.9+ 
22.1+27=146 degrees centigrade. The 
measured test value was 128 degrees centi- 
grade rise above 27 degrees centigrade ambi- 
ent, or 155 degrees. It may seem that the cal- 
culated value is thus not conservative. The 
low value may be explained on the basis that 
the heat loss is assumed to be uniformly 
distributed within the core, while in fact it 
is lower toward the ends and higher toward 
the center.!? 

A conservative value of pressure drop is 


obtained by using the friction factor of 
0.0137 which is the maximum for turbulent 
flow in ducts. Substituting in the equation 
for pressure drop, and converting to inches 
of water by multiplying by 0.193, the pres- 
sure drop is 0.25 inch of water. This value 
does not include entrance and exit losses, 


which increase the required head to 0.5 
inch of water. , 
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